Human epithelial (A549) cells exposed to hyperoxia die by cellular necrosis. In the current study, we demonstrate the involvement of apoptogenic factors in epithelial cell necrosis in response to hyperoxia, including the formation of the Fas-related death inducing signaling complex (DISC), and initiation of mitochondria-dependent apoptotic pathways. We show increased activation of both Bid and Bax in A549 cells subjected to hyperoxia. Bax activation involved a Bid-assisted conformational change. We 
INTRODUCTION
The clinical treatment of respiratory failure often requires supplemental oxygen therapy. Unfortunately, exposure to an elevated oxygen tension (hyperoxia) may cause acute and chronic lung injury. Prolonged hyperoxia triggers an extensive inflammatory response in the lung that degrades the alveolar-capillary barrier, leading to impaired gas exchange and pulmonary edema (1) . The pathological changes in hyperoxia-injured lungs coincide with the injury or death of pulmonary capillary endothelial cells and alveolar epithelial cells, which maintain the integrity of the alveolar-capillary barrier and serve as a firstline defense against oxidative injury. Compromised epithelial cell function may permit fluid and macromolecules to leak into the airspace, resulting in clinical respiratory failure and death (2) .
Epithelial cell homeostasis requires stringent control over proliferative and apoptotic pathways.
Hyperoxia-induced cell death may involve apoptosis and necrosis, two distinct mechanisms of cell death with different biochemical, morphological and functional characteristics (3) . In necrosis, an extensive cell lysis results from acute, accidental, or non-physiological injury (4) . In contrast, apoptosis represents a regulated form of cell death that participates in tissue development and homeostasis, requiring the action of proteases and nucleases within an intact plasma membrane (5) . The delineation of apoptosis and necrosis as mutually exclusive processes, however, has not been convincingly demonstrated in vivo or in vitro.
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Members of the death receptor superfamily, including Fas (14) and tumor necrosis factor-alpha (TNF-α) (15) , as well as Bcl family members (i.e., Bax, Bcl-X L ) have been implicated in hyperoxic lung injury. Adult mice exposed to hyperoxia (>95% O 2 ) for 72 hours displayed increased whole-lung Bax and Bcl-X L mRNA levels; unaltered Bak, Bad, or Bcl-2 mRNA levels; and decreased Bcl-w and Bfl-1 mRNA levels (14, 16) . Increases in Bcl-X L protein, but not Bax protein, have been reported in response to hyperoxia in the mouse lung (16, 17) . Hyperoxia may induce other cell-death related molecules, such as p53 and p21
Cip1/WAF1/Sdi1 (p21) (14, 16, (18) (19) (20) . Expression of the p53 protein responds to DNA damage, and in turn regulates genes involved in growth control, DNA repair, and apoptosis. By increasing the expression of pro-apoptotic Bcl-2 family members such as Bax, p53 may promote cell death. A major regulatory target of p53, the cyclin-dependent kinase inhibitor p21, may protect against oxidative lung injury by inhibiting cell proliferation and DNA replication, and promoting DNA repair (11) .
Mice with different genetic backgrounds differ in oxygen sensitivity. In vivo studies using genetically modified mouse strains have revealed the relative roles of apoptosis-related proteins in oxygen sensitivity of the lung. Fas -/-(lpr) mice (14) and TNFRI/II -/-mice (21) did not display resistance to hyperoxia. Murine embryonic fibroblasts derived from Bax -/-Bak -/-mice resisted hyperoxia-induced cytotoxicity (22) . In contrast, p21 -/-mice were more sensitive than wild-type mice, whereas p53 -/-mice did not display any modulation of oxygen sensitivity (11, 14, 16) . Hyperoxia induced the expression of p21 and of growth arrest and DNA damage-inducible (GADD) genes in p53 -/-mice (11, 23) . These observations suggest that downstream regulatory targets of p53 such as p21 and Bax modulate cellular sensitivity to hyperoxia, though p53 itself is apparently not essential.
Despite these observations, the signal transduction pathway(s) involved in hyperoxic lung injury and cell death remain incompletely understood. In the current study, we demonstrate the involvement of apoptogenic factors in epithelial cell responses to hyperoxia, despite a final outcome of cellular necrosis. iodide were added, and the cells were incubated for 15 min in the dark. Binding buffer (400 µl) was then added to each tube and analyzed by flow cytometry.
DNA ladder ----A549 cells treated with hyperoxia were trypsinized and washed with PBS, and then the cells were spun down and resuspended in lysis buffer containing 50 mM Tris-HCl, pH 7.8, 10 mM EDTA-2Na + , and 0.5% SDS. RNase A was then added at a concentration of 0.5 mg/ml and incubated at 37°C for 60 min. Next, the protein was degraded using 0.5 mg/ml of proteinase K at 50°C for 60 min.
DNA fragmentation was visualized with ethidium bromide staining after electrophoresis on a 1.2% agarose gel. Cytosol Isolation----At different times after exposure to hyperoxia, A549 cells were harvested in 0.05% of digitonin in extraction buffer containing 50 mM Hepes, pH 7.5, 50 mM KCl, 5 mM DGTA, and 2 mM MgCl 2 with protease inhibitors. The cell extracts were spun at 14,000 × g for 20 min, and the supernatants were removed and used for Western blotting. Statistical Analysis----Fisher's exact test was used for analysis of the survival rate. The unpaired Student's t test was used for other data analyses as indicated, and a value of p < 0.05 was considered significant.
Electron microscopy assays----Cell

RESULTS
Hyperoxia Induced Necrosis in A549 Epithelial Cells Involves the Release of Apoptogenic Factors from the Mitochondria----Morphological signs of injury appear in alveolar endothelial and epithelial
cells within 48-72 hours of exposure to lethal levels of oxygen (2) . Continued exposure for more than 72 hours can result in epithelial cell death, and consequently, loss of alveolar integrity, airway fluid accumulation, and mortality. Hyperoxia primarily caused necrosis in A549 alveolar epithelial cells, as determined by fluorescence DNA labeling, in situ end-labeling of DNA, and electron microscopy (10).
We exposed human epithelial cells (A549) to in vitro hyperoxia and then monitored the cells for survival.
Flow cytometry with PI/Annexin-V double staining and DNA-laddering analyses demonstrated that hyperoxia caused A549 cell death primarily by necrosis ( Fig.1B and C) . Etoposideinduced apoptosis of Jurkat cells was used as positive controls (Fig. 1A) . Quantitative data from our flow cytometry analyses (PI/Annexin-V double staining) demonstrate that >96 % of the dead cells were necrotic, while 3 % were apoptotic after 72 h of hyperoxia exposure. Further, we also performed electron microscopy analysis of A549 cells at 72 hrs of hyperoxia, confirming the classical feature of necrosis as shown in Fig. 2 . The epithelial cell growth medium was refreshed daily to maintain high 9 levels of intracellular ATP (24) . Hyperoxia induced the necrotic death of A549 cells even in the presence of a high glucose concentration in the medium. Under these experimental conditions, <50% of these cells survived after 72 hours of hyperoxia, by trypan blue analysis (Fig. 3A) .
We hypothesized that apoptogenic factors may participate in hyperoxia-induced A549 cell necrosis. In many cell types, apoptosis may proceed through receptor-dependent pathways initiated by Fas ligand (FasL) or tumor necrosis factor-α (TNF-α). FasL-mediated apoptosis begins with the formation of a death-inducing signal complex (DISC), that involves the death receptor Fas, FADD, and caspase-8. The consumption and recruitment of Fas leads to apparent decreases in Fas protein levels. Activated caspase-8 may in turn either activate effector caspases (i.e., caspase-3) or cleave Bid. The activated form of Bid triggers apoptosis by mitochondrial translocation, which stimulates cytochrome c release (25) . On the other hand, receptor-independent apoptosis may involve the mitochondrial-translocation of proapoptotic Bcl-2 family members such as Bax. In the mitochondria, Bax oligomers form membrane channels by opening the permeability transition pore, leading to cytochrome c release and caspase activation (26) . Once released in the cytosol, cytochrome c binds to Apaf-1, stimulating its ATPdependent oligomerization, which in turn leads to the recruitment of procaspase-9, and its activation to caspase-9.
The role of apoptotic pathways in hyperoxia-induced A549 epithelial cell necrosis was evaluated in vitro, by monitoring the expression of death receptors (Fas, TNFR-I) and Bcl-2 family proteins.
Following treatment of A549 cells with hyperoxia (24-72 hours), Fas protein levels decreased, whereas TNFRI protein levels remained unchanged (Fig. 3B ). Anti-Fas immunoprecipitation revealed an interaction of caspase-8 with Fas (Fig. 3B) , demonstrating DISC formation, the initiation of the Fasinduced apoptotic pathway. We show here for the first time, that hyperoxia upregulated the activation of both Bax and Bid in A549 cells (Fig. 3C ) with release of cytochrome c into the cytosol (Fig. 3D) . After
We next examined the expression of the anti-apoptotic Bcl-2 family member Bcl-X L as a function of hyperoxic exposure in A549 cells. Bcl-X L inhibits mitochondrial cytochrome c release and subsequent caspase activation (27) . After 48 hours in hyperoxia, the expression of Bcl-X L increased in A549 cells (Fig. 3E) , whereas Bcl-2 expression did not change (Fig. 3E) . The high expression of Bcl-X L apparently did not protect A549 cells from cell death. (Fig. 4B) .
Overexpression of FLIP Increased Survival Under Hyperoxia In Vitro and In Vivo---
We hypothesized that inhibition of caspase-8 would also modulate oxygen sensitivity in vivo. We infected C3H/HeJ mice with adenoviral constructs inserted with Flip, Bcl-X L , or Lac Z. After 48 hours, the mice were exposed to >95% O 2 and monitored for overall survival. Interestingly, the FLIP group was significantly more resistant to oxygen toxicity than the Lac Z-infected group (Fig. 4C) . On the other hand, there was no significant difference in hyperoxia resistance between the Bcl-X L expressing group and the Lac Z control group (Fig. 4C) . These results emphasize an important role for the caspase-8/Bid pathway in sensitivity to hyperoxia. These results also suggest that increases in Bcl-X L protein expression do not protect against hyperoxia-induced lung injury or cell death.
Overexpression of FLIP in A549 Epithelial Cells Inhibited Bid Expression, and Bax Conformational
Change Induced by Hyperoxia---Bid assists Bax in a conformational change that unmasks the Bax NH 2 -terminal domain, and coincides with mitochondrial cytochrome c release (30) . Thus, the Bax mitochondrial membrane insertion triggered by Bid may represent a key step in the pathways leading to apoptosis (31) . Therefore we investigated the hypothesis that Bax conformational change may respond 11 to the levels of active Bid in A549 cells subjected to hyperoxia. A549 cells were infected with adenoviral constructs containing Bcl-X L , Flip, or Lac Z insertions and then grown under hyperoxia (72 h). Cell lysates were immunoprecipitated with the anti-Bax monoclonal antibody (6A7) that specifically recognizes the conformational change in Bax protein (32) . FLIP overexpression decreased Bid protein levels and inhibited the conformational change of Bax, compared to Lac Z controls (Fig. 5) . In contrast,
Bcl-X L overexpression only slightly decreased the expression of Bid protein and Bax conformational change relative to Lac Z controls (Fig. 5) . These results support the hypothesis that Bid assists in a Bax conformational change that increases the efficiency of Bax in promoting cell death.
Lpr (Fas -/-) and gld (FasL -/-) Mice, did not Display Increased Resistance to Hyperoxia, but Displayed Increased Bax Protein Expression Levels---We hypothesized that a Fas-induced apoptosis-like process may precede necrotic cell death in vivo. Lpr mice (Fas -/-
), however, did not display increased resistance to hyperoxia (14) . We challenged lpr (Fas -/-) and gld (FasL -/-) mice with hyperoxia and monitored survival. As shown in Figure 6A , both Fas -/-and FasL -/-mice exhibited similar survival curves in response to hyperoxia relative to the C3H/HeJ wild-type mice, without significant statistical difference (p>0.05) (Fig. 6A) . We therefore investigated whether a Fas-independent pathway, involving the expression of the Bcl-2 family member Bax, may participate in the response to hyperoxia. Under ambient conditions, Bax protein was elevated in the lungs of the Fas -/-mice relative to the wild-type, with higher expression in Fas -/-mice than in FasL -/-mice (Fig. 6B ). Further increases in Bax protein were detected in the lungs of Fas -/-and FasL -/-mice at the time of death by hyperoxia, relative to hyperoxia-treated wild-type mice. Conversely, the activated form of Bid (p15) appeared only in the lungs of wild-type mice subjected to hyperoxia (Fig. 6B) . We also found equivalent Bcl-X L expression and caspase-9 activation in the lungs of all three mice strains after hyperoxia ( Fig. 6B and 6C ).
These results suggest that the activation of Bid appears to represent the dominant pathway leading to cell death in pulmonary cells during the hyperoxia response in vivo. Bid may assist in the conformational change of pre-existing Bax-protein, which is not directly increased by hyperoxia in vivo.
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On the other hand, the deletion of the death receptor Fas, promotes increased Bax expression during in vivo hyperoxia, which likely represents a compensatory activation of the Bax-induced pathway. and monitored for overall survival and pulmonary cell death. Interestingly, the Bid -/-group was significantly more resistant to oxygen toxicity than the corresponding wild-type littermates (Fig. 7A) .
Bid -/-Mice Resisted Hyperoxia-Induced Pulmonary Cell Death---We
We also observed increased resistance to hyperoxia in cells isolated from Bid -/-null mice when compared to cells from negative littermate controls (Fig. 7B ). These results again emphasize an important role for the caspase-8/Bid pathway in sensitivity to hyperoxia.
DISCUSSION
The therapeutic application of supplemental oxygen to elevate arterial pO 2 and reduce tissue hypoxia can be offset by its cytotoxic properties, which increase the risk of morbidity and mortality. Over the last 30 years, morphological studies in animal models have described hyperoxia-induced lung injury. The first signs of damage include focal cytoplasm swelling of microvascular endothelial cells, interstitial edema, and endothelial cell fragmentation. After 72 hours of exposure, type-I pulmonary epithelial cells begin to die by necrosis (33) (34) (35) . Many studies have also demonstrated that lung cells exposed to hyperoxia exhibit features of apoptosis, including chromatin condensation, DNA fragmentation, changes in the expression of Bcl-2 family genes, and increases in TUNEL-positive cells (12, 14, 16, 19, 20) . We have also observed increases in TUNEL-positive staining in mouse-lungs after hyperoxia treatment relative to air-treated controls, but without apparent differences in the response between the various genetically modified strains, or during overexpression of FLIP or Bcl-X L , as used in this study (data not shown). Intravenous infusion of the caspase inhibitor Z-VAD into mice, however, did not protect pulmonary cells from death, nor affect lung weights and DNA laddering (14) . These features of Bcl-X L protects the mitochondria by inhibiting the release of cytochrome c and subsequent procaspase activation, and therefore modulates both extrinsic and intrinsic apoptotic cell death. The existence of necrotic cell death pathways regulated by an intrinsic death program distinct from that of apoptosis has also been proposed (38) .
Previous studies have suggested that human A549 epithelial cells subjected to hyperoxia died primarily by necrosis (10). Our results (Fig. 1 ) support that hyperoxia induces necrotic cell death in A549 cells. The outcome of necrosis did not strictly depend on depletion of cellular ATP levels, since we refreshed the medium daily to maintain high levels of glucose and intracellular ATP (24) . The induction of necrotic cell death in A549 cells activated an apoptotic process that involved the formation by guest on http://www.jbc.org/ Downloaded from of the Fas-related DISC. We demonstrated the increased expression, activation, and mitochondrial translocation of both Bid and Bax, in A549 cells subjected to hyperoxia. Bid activation by caspase-8 involved cleavage to the p15 form, while Bax activation involved a Bid-assisted conformational change.
Activation of both Bax and Bid stimulated the release of mitochondrial cytochrome c and cleavage of caspase-9 (Fig. 8) . The inhibition of caspase-8 protected epithelial cells from hyperoxia-induced necrotic death. We conclude that the early events in hyperoxia-induced epithelial cell death involve the initiation of both receptor-mediated and mitochondria-dependent apoptotic pathways, despite a final outcome of cellular necrosis.
In mouse models, previous studies show that hyperoxia induces high levels of mRNA transcription of Bcl-X L and Bax, but not Bax protein, in mouse lungs. Here, we confirm that Bax protein has not changed in normal mouse lung in response to hyperoxia (Fig. 6B) . We demonstrated for the first time that Bid activation occurs in normal mouse lung in response to hyperoxia. We therefore propose that a Bid-dependent pathway dominates over a Bax-dependent pathway in wild-type mice subjected to hyperoxia, with Bid assisting in the conformational change of pre-existing Bax protein (Fig. 8) . This model is consistent with the lack of apparent modulation of Bax protein in vivo during hyperoxia (16, 17 and Fig. 6B ).
In our studies we also found that the Bid -/-genotype significantly conferred resistance to hyperoxia- In the present study, we also found that the anti-apoptotic molecule, Bcl-X L , could not protect against hyperoxic lung injury and cell death in vivo and in vitro ( Fig. 4B and 4C ). Indeed it has been reported that Bcl-X L does not prevent Bax-induced mitochondrial damage (42) . Bax induces cell death via apoptosis in cells with a low level of Bcl-X L , whereas induces necrosis in cells with high expression of Bcl-X L (42). Meilhac et al. described a similar balance between apoptosis and necrosis responding to Bcl-2 expression levels (43).
This evidence suggests that the intracellular events leading to apoptosis and necrosis can occur sequentially. In the initial step, there is a collapse of mitochondrial membrane potential and loss of cellular glutathione. At this stage, pharmacologic intervention in the form of caspase inhibitors can prevent cell death. In the second phase, a disruption of the plasma membrane leads to necrosis (44) .
Indeed, the term "programmed cell death" now refers to any kind of cell death mediated by an intracellular death program, irrespective of the trigger, where the morphological outcome can resemble apoptosis, necrosis, or a mixed phenotype (45) . Based on our observations, we reason that in some cell types or in some conditions, the process of necrosis shares a similar regulatory mechanism with apoptosis, which may include the activation of caspases. The final manifestation of death is distinct from apoptosis, in that it escapes inhibition by Bcl-X L .
In summary, hyperoxia induces lung injury and leads to necrotic cell death in lung epithelial cells, mainly through a two stage process: (I) the initiation of apoptosis-related molecules leading to loss of normal mitochondrial function, which involve both death receptor initiated (Bid-dependent) and mitochondria-dependent pathways leading to release of cytochrome c; and (II) a necrotic cell death. The activation of Bid appears to represent the dominant pathway in pulmonary cells during the hyperoxia response in vivo. Bid assists Bax to change its conformation into the active form (Fig. 8) . These data taken together, suggest that cell death in the mouse lung, and in cultured human A549 epithelial cells involves a cellular death pathway sharing features of both apoptosis and necrosis. There was no difference between the two groups of mice infected with Lac Z and Bcl-X L . The lysates from four lungs of each group, in which the mice died at the same time in different groups, were subjected to Western blot analysis to detect (B) Bax, Bid, and Bcl-X L , or (C) caspase-9. Fibroblasts with/without Bid expression were cultured in quadruplet under 95% room air/5% CO 2 (0), and 95% O 2 /5% CO 2 for the indicated hours. LDH assay was used to test the death. 
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